Membranes from homogenates of growing and of dormant storage roots of red beet (Beta vulgaris L.) were centrifuged on linear sucrose gradients. Vanadate-sensitive ATPase activity, a marker for plasma membrane, peaked at 38% to 40% sucrose (1.165-1.175 grams per cubic centimeter) in the case of growing material but moved to as low as 30% sucrose (1.127 grams per cubic centimeter) during dormancy.
A band ofnitrate-sensitive ATPase was found at sucrose concentrations of 25% to 28% or less (around 1.10 grams per cubic centimeter) for both growing and dormant material. This band showed proton tramport into membrane vesicles, as measured by the quenching of florescence of acridine orange in the presence of ATP and Mg2@. The vesicles were collected on a 10/23% sucrose step gradient. The phosphate hydrolyzing activity was Mg dependent, relatively substrate specific for ATP (ATP > GTP > UTP > CTP = 0) and increased up to 4-fold by ionophores. The ATPase activity showed a high but variable pH optimum, was stimulated by C1-, but was unaffected by monovalent cations. It was inhibited about 50% by 10 nanomolar mersalyl, 20 micromolar N,N'-dicyclohexylcarbodiimide, 80 micromolar diethylstilbestrol, or 20 millimolar N03-; but was insensitive to molybdate, vanadate, oligomycin, and azide. Proton transport into vesicles from the 10/23% sucrose interface was stimulated by C17, inhibited by NO03, and showed a high pH optimum and a substrate specificity similar to the ATase, incling some proton transport driven by GTP and UTP.
The low density of the vesicles (1.10 grams per cubic centimeter) plus the properties of H' transport and ATPase activity are similar to the reported properties of intact vacuoles of red beet and other materials. We conclude that the low density, H+-pumping ATPase of red beets originated from the tonoplast. Tonoplast Ht-ATPases with similar properties appear to be widely distributed in higher plants and fgi.
A number of laboratories have recently found evidence for proton-transporting membrane vesicles in microsomal preparations from plant tissue, and in some cases (8, 10, 14, 23) localized the proton-pumping activity after centrifugation of microsomal membranes on sucrose or dextran density gradients. Typically, the proton transport is associated with membranes banding at low density (broadly around 1.10 g-cmn3 or 24% to 28% sucrose on sucrose gradients (10, 23) and is correlated with a characteristic ATPase activity. Both the transport and the ATPase are stimulated by anions, especially Cl (3, 8, 15, 24, 29) . They are insensitive to vanadate (8, 11, 15, 24, 29, 30) , an inhibitor of the plasma membrane ATPase; and to oligomycin or azide (15, 29) , inhibitors of mitochondrial ATPase; but are inhibited by nitrate (11, 15) as well as by DCCD,4 DES, and DIDS (3, 8, 15, 24) .
It has been suggested (3, 8, 10, 23, 24 ) that these protontransporting vesicles derive from the tonoplast. This hypothesis is based on the similarity oftheir transport and ATPase properties to those of intact vacuoles isolated from sliced storage tissue of red beet (1, 22, 31) , from latex of Hevea brasiliensis (9) , and from protoplasts of yeast and Neurospora (6, 18) . However, up to the present time, such vesicles have only been compared to vacuoles isolated from a different species. Also, the vesicles have only in one or two cases (10, 23) been separated from other cellular membranes sufficiently to indicate that the properties of the ATPase and transport are probably unique to the tonoplast. The present communication describes the isolation of low density, proton-transporting vesicles from red beet, a material in which the ATPase activity of the intact vacuole has been well characterized (1, 22, 31 (21) which was equally effective and more pleasant to handle. In later experiments, EDTA was omitted and all solutions were pretreated with Chelex 100 resin (Bio-Rad) to remove heavy metals. In these experiments, 2 or 3 g Chelex resin and 2 or 3 g Amberlite XAD4 resin were also added to the homogenate, and subsequently removed by filtration through cheesecloth. In the experiment of Figure 2 , 4% PVP-40 was also added to the homogenizing medium.
The isolation was performed at 0 to 4°C throughout. Typically, 200 g peeled and chilled beet were blended for 30 swith 200 ml homogenizing medium, then squeezed through eight layers of cheesecloth. This was repeated with a second batch of 200 g beet, and the combined homogenates were immediately centrifuged for 20 to 25 min at 80,000g in a Beckman type 35 rotor. For the experiment of Figure 3 , this centrifugation was preceded by a centrifugation at 13,000g to remove mitochondria. However, a significant proportion of the tonoplast was fotind to be sedimented with the mitochondria (results not shown). Since these membranes are readily separated from mitochondria on density gradients, the low speed centrifugation was usually omitted.
Treatment of Membrane Fraction with KI. After centrifugation of the homogenate at 80,000g, the supernatant was aspirated and the pellet was resuspended with a Teflon pestle homogenizer in a suspension medium containing 124 mM sucrose, 5 mm DTE, and 15 mm Mes buffer adjusted to pH 6.8 with BTP. The volume was adjusted to 10 ml, and 50 ml of a solution containing 0.3 M K1, 5 mm DTE, and 15 mM Mes, pH 6.8, were added with stirring to give a final concentration of 0.25 M KI. The membranes were again sedimented at 80,000g for 20 min, resuspended with homogenization in suspension medium, and layered on sucrose gradients. The above treatment with KI was found to reduce the final yield of tonoplast membranes by up to 50%, but was included to reduce contamination, especially by phosphatase (7) , which would complicate the comparison of transport with ATPase activity.
Sucrose Density Gradient Centrifugation. For linear sucrose gradients, the KI-treated membrane pellet from 100 g beet was resuspended in approximately 1 ml suspension medium and layered on a ll-ml linear gradient of 15% to 45% sucrose containing 5 mM DTE and 15 mM Mes buffer, pH 6.8. This was centrifuged at 80,000g for 3 h in a Beckman SW 41 rotor. The gradient was divided into 12 or 14 fractions of 1 or 0.8 ml for subsequent assay.
For routine preparation of vesicles, the KI-treated microsomal pellet from 400 g beet was resuspended in 8 ml suspension medium, and 4 ml was layered onto each of two step gradients consisting of 4 ml 10% sucrose layered over 4 ml 23% ATPase (5, 13) , and molybdate, an inhibitor of acid phosphatase activity (22) . In the sucrose gradient profile of Figure 1A , AKNO3 refers to the difference in ATPase activity in the presence and absence of 50 mM KNO3, with vanadate, oligomycin, azide, molybdate, and gramicidin D included throughout.
There is a peak of nitrate-sensitive ATPase activity at 25% to 27% sucrose, coincident with a peak of proton transport activity ( proton transport in membranes from growing beet. Membranes were pelleted at 80,000g from the initial homogenate, and washed with KI before being loaded onto gradients. ATPase activities were measured at pH 8 in the presence of 5 uM gramicidin D, and expressed as Mmol Pi released/h per 1-mi fraction. A control treatment containing 100 Mm Na2MoO4, 50 Mm Na3VO4, 10 Ig/mI oligomycin + 5 mM NaN3, and 50 mM KNO3 was subtracted from a treatment containing all except nitrate (AKNO3, 0) or all except azide and oligomycin (ANaN3 and oligomycin, x) or all except vanadate (ANa3VO4, 0). Latent IDPase is shown as AIDPase (A). For measurement of proton transport, each 1-ml gradient fraction was diluted with 5 ml transport assay medium and centrifuged at 80,000 g for 20 min. The pellets were each resuspended with 50 to 100 Ml assay medium, and samples of 1O or 25 Ml were taken for assay. The measured rates of quenching were then normalized so that the rate oftransport in B is calculated for one quarter ofeach fraction. Transport was measured in absence (@) and in presence (U) of KNO3.
ATPase in the mitochondrial region, but this is not accompanied by significant transport activity. While the occurrence of leaky tonoplast vesicles in this region has not been ruled out, the second peak of nitrate-sensitive ATPase can probably be attributed to residual mitochondrial ATPase. Nitrate inhibition of mitochondrial ATPase has been observed previously (13) . The nitrate-sensitive putative tonoplast vesicles can be distinguished here by their position on the gradient, by their lack of sensitivity to oligomycin or azide, and by their accompanying proton transport activity.
Mitochondrial ATPase, indicated in Figure IA by A(NaN3 and oligomycin) peaks at 37% to 41% sucrose.
Vanadate-sensitive ATPase is taken as a marker for plasma membranes, since (a) vanadate is known to inhibit plasma membrane ATPase in beet (7) and other material (5, 12) and at least in the presence of molybdate (12) other organelle (see below). In Figure 1 , in which fresh growing material was used ("Materials and Methods"), the peak of vanadate-sensitive ATPase (ANa3VO4, Fig. IA ) is superimposed on that of oligomycin and azide-sensitive ATPase at 37% to 41% sucrose. This is a very different result than that previously reported (7) with microsomal membranes from dormant (stored) beets, in which the plasma membrane was collected on a 25/ 30% sucrose step gradient. Latent IDPase activity (AIDPase) peaks in the range 33% to 39% sucrose, as previously observed in dormant stored material (7). Thus, apparently in fresh, growing roots the plasma membrane moves below the Golgi marker, whereas in dormant material it was above it (7) . The transport activity of Figure lB is well separated from the markers of plasma membrane, mitochondria, and Golgi. It is, however, not separated from NADH-Cyt c reductase activity (not shown). The latter enzyme reached a maximum of26 nmolmin-' and a specific activity of 75 nmol-min-I mg protein-' at 23% sucrose. A low level of NADPH-Cyt c reductase activity also peaks in this part of the gradient (7) . Figure 2 shows a gradient similar to Figure 1 but with membranes from stored, dormant beets. The vanadate-sensitive ATPase (less active in this particular experiment) is found at 31% to 35% sucrose. This is a significantly lower apparent density than that found in Figure 1 from fresh growing beets, although not as low as when postmitochondrial membranes were used (7) . The other ATPase activities have essentially the same apparent densities as in Figure 1 , the nitrate-sensitive ATPase showing a peak as before at 25% sucrose, and a second peak at 41% sucrose.
Transport activity (not shown) in the gradient of Figure 2 (Fig. 3A) , vanadate-sensitive ATPase peaked at 30% sucrose as previously observed in stored beet (7) and in carrots (27) . In membranes prepared from actively growing material (Fig. 3B) Inhibitor Sensitivity. The most potent inhibitor of ATPase activity (Fig. 4) was the sulfhydryl inhibitor mersalyl which gave almost 50&% inhibition at 10 nm. Table I . DCCD and DES were added from ethanol solutions to give not more than 1% ethanol. Other inhibitors were in aqueous solution. (Table IV) it is occasionally as high as 18% (Table III) . In view of earlier reports (7, 12) suggesting a rather low sensitivity of higher plant plasma membrane ATPase to vanadate, several experiments were conducted to assess vanadate inhibition in a plasma membrane fraction prepared according to (7) , except that a 25/35% sucrose step gradient was used, with stored material. Typical results (Fig. 5) suggest that about 30% of the 'plasma membrane' ATPase may be insensitive to vanadate in the normal concentration range (5) , perhaps due to vacuolar contamination, but that the sensitive component is 50% inhibited at about 5 AM vanadate. Thus, the lack of effect of 50 gM vanadate in Table IV indicates that the 'tonoplast' fraction contains no detectable plasma membrane ATPase activity.
pH Optimum for ATPase and Transport. For the measurement of transport versus pH, the above transport medium ("Materials and Methods") was used, except that sorbitol was omitted and the concentration of KG was increased to 300 mM. (This medium was developed primarily for use in transport studies by electron paramagnetic resonance, to be described in a forthcoming publication.) For pH dependence experiments, the membranes were centrifuged in the final reaction medium at pH 7.5 and resuspended in a small volume at the same pH. After addition of 10 Ml membrane suspension to 0.6 ml reaction medium adjusted to various pH values, the samples were incubated at roo-i temperature for 16 min to allow internal pH adjustment before starting the transport with MgSO4.
The effect of pH on initial rate of transport will depend not only on the rate of H+ pumping but also on the buffering power within the vesicles and the rate of back leakage of protons. The buffer in this medium was 20 mM Hepes + 20 mM Mes adjusted with KOH, a mixture which gives virtually constant buffering power from pH 5.5 to pH 8. Preliminary experiments measuring transport after centrifugation in different concentrations ofbuffer indicated that the buffer did enter the vesicles and controlled the rate of quenching. As an additional check, the final steady level of fluorescence, expressed as log [%Q/(100-%Q)] (3, 19) was found to give a pH dependence very similar to that of initial rate of quenching expressed as %Q/min (results not shown). Preliminary experiments were also conducted to measure the rate of fluorescence increase after quenching by a small pH jump (0.5 unit) at different pH values. These experiments showed little difference in the rate ofproton leak at different pH values, except perhaps at the extremes of the pH range, where the reduced buffering power may have contributed to a faster equilibration of pH across the membranes. These various tests indicated that under controlled conditions the initial rate of quenching could be used to compare H+ transport at different pH values.
In the experiment of Figure 6 , the pH dependence of ATPase activity and of transport rate (%Q/min) were measured in parallel on the same membrane preparation in the same medium, except for the presence of 5 ,M acridine orange in the transport Figure 6 and with Leigh and Walker (22) who used a similar medium. Other experiments in the same medium (Fig. 7) showed optimal ATPase activity at pH 6.5 to 7.5. Figure 7A shows that despite the low pH optimum, the activity was still sensitive to NO3-and is, thus, probably attributable to the same transport enzyme. Figure 7B shows that the pH curve is essentially identical after 15 or When microsomal (postmitochondrial) membranes were compared (Fig. 3) , the plasma membrane changed in position from 38% to 40% (1.165-1.175 gcmn3) in growing material to as low as 30% sucrose (1.127 g.cnm3) in dormant material ( Fig. 3 (10) and also with the location of tonoplast vesicles derived from intact vacuoles isolated from tobacco cell protoplasts (4) .
In the present investigation, a 10% to 23% sucrose step was used to isolate material for further study. Figures 1 and 2 (20) . They possess ATPase activity with a high pH optimum (1, 22) The present results show inhibition by mersalyl at concentrations several orders of magnitude lower than that reported for intact vacuoles. This is presumably due to the presence of mercaptoethanol in the intact vacuole preparations (31).
While the pH optimum for tonoplast ATPase in the present study is always higher than that of plasma membrane ATPase (7), the pH optimum changed greatly from one experiment to another (Figs. 6 and 7) . The cause of this is unknown. However, this variability seems to be characteristic of intact vacuoles also (cf 1, 22 (Fig. 1) , Cl-stimulation and NO3-inhibition (Table II) , pH dependence of activity ( Fig. 6 ) and substrate specificity (Table III) . The (14, 15, 23, 24) , oat roots (8, 29) , and corn roots (3, 10, 11) . Enzymes with similar ATPase properties were also identified in turnip storage tissue (28) , in vacuoles of Hevea latex (9) , and in vacuoles of Neurospora (6) and yeast (18) . The 
